Strain TCF032-E4 was isolated from a traditional Chinese fermented radish. It shares .99% 16S rRNA sequence identity with L. plantarum, L. pentosus and L. paraplantarum. This strain can ferment ribose, galactose, glucose, fructose, mannose, mannitol, N-acetylglucosamine, amygdalin, arbutin, salicin, cellobiose, maltose, lactose, melibiose, trehalose and gentiobiose. It cannot ferment sucrose, which can be used by L. pentosus, L. paraplantarum, L. fabifermentans, L. xiangfangensis and L. mudanjiangensis, as well as most of the L. plantarum strains (88.7%). TCF032-E4 cannot grow at temperature above 32 8C. This strain shares 78.2-83.6% pheS (phenylalanyl-tRNA synthetase alpha subunit) and 89.5-94.9% rpoA (RNA polymerase alpha subunit) sequence identity with L. plantarum, L. pentosus, L. paraplantarum, L. fabifermentans, L. xiangfangensis and L. mudanjiangensis. These results indicate that TCF032-E4 represents a distinct species. This hypothesis was further confirmed by whole-genome sequencing and comparison with available genomes of related species. The draft genome size of TCF032-E4 is approximately 2.9 Mb, with a DNA G+C content of 43.5 mol%. The average nucleotide identity (ANI) between TCF032-E4 and related species ranges from 79.0 to 81.1%, the highest ANI value being observed with L. plantarum subsp. Lactobacillus plantarum, Lactobacillus pentosus and Lactobacillus paraplantarum are closely related species with 16S rRNA gene sequence similarities higher than 99%. These species also share similar fermentation profiles. Most L. pentosus strains can be differentiated from L. plantarum by their capacity to use glycerol and xylose (Zanoni et al., 1987) . However, some L. plantarum strains are able to metabolize glycerol too, and not all L. pentosus strains can utilize xylose . Differences in fermentation profiles between L. plantarum and L. paraplantarum are less clear. Bringel et al. (1996) showed that L. paraplantarum is able to use methyl a-D-glucopyranoside, while 66% of L. plantarum strains cannot. Due to the highly heterogeneous fermentation profiles of strains of these closely related species, it is difficult to precisely differentiate these species by phenotypic methods. A species-specific multiplex-PCR assay was developed by Torriani et al. (2001) to distinguish these species. Different sizes of recA PCR products could be obtained for L. plantarum (318 bp), L. pentosus (218 bp) and L. paraplantarum (107 bp). With this method, Bringel et al. (2005) described L. plantarum subsp. argentoratensis, which showed an atypical PCR pattern with two bands (318 bp and 120 bp). In this study, we report a novel species, Lactobacillus herbarum sp. nov., which is closely related to L. plantarum, L. pentosus and L. paraplantarum, but that produces no PCR amplicon with the recA multiplex-PCR assay.
Lactobacillus plantarum, Lactobacillus pentosus and Lactobacillus paraplantarum are closely related species with 16S rRNA gene sequence similarities higher than 99%. These species also share similar fermentation profiles. Most L. pentosus strains can be differentiated from L. plantarum by their capacity to use glycerol and xylose (Zanoni et al., 1987) . However, some L. plantarum strains are able to metabolize glycerol too, and not all L. pentosus strains can utilize xylose . Differences in fermentation profiles between L. plantarum and L. paraplantarum are less clear. Bringel et al. (1996) showed that L. paraplantarum is able to use methyl a-D-glucopyranoside, while 66% of L. plantarum strains cannot. Due to the highly heterogeneous fermentation profiles of strains of these closely related species, it is difficult to precisely differentiate these species by phenotypic methods. A species-specific multiplex-PCR assay was developed by Torriani et al. (2001) to distinguish these species. Different sizes of recA PCR products could be obtained for L. plantarum (318 bp), L. pentosus (218 bp) and L. paraplantarum (107 bp). With this method, Bringel et al. (2005) described L. plantarum subsp. argentoratensis, which showed an atypical PCR pattern with two bands (318 bp and 120 bp). In this study, we report a novel species, Lactobacillus herbarum sp. nov., which is closely related to L. plantarum, L. pentosus and L. paraplantarum, but that produces no PCR amplicon with the recA multiplex-PCR assay.
Four colonies (TCF032-E2, TCF032-E3, TCF032-E4 and TCF032-E9) were isolated in 2013 from a home-made fermented white radish (brine pH 3.7) originating from Guilin, Guangxi province, PR China by anaerobic incubation on MRS agar at 30 8C for two days. Standards for describing novel taxa (Mattarelli et al., 2004) were followed in the analysis of these isolates. The 16S rRNA genes of these strains were PCR-amplified using primers 8F (59-AGAGTTTGATCCTGG CTCAG-39) and 1391R (59-GACGGGCGGTGWGTRCA-39) and sequenced. All four isolates yielded identical sequences. In addition, enterobacterial repetitive intergenic consensus (ERIC)-PCR fingerprints appeared identical (data not shown), indicating that these four isolates are clonal. Thus, TCF032-E4 was selected as the representative strain. The 16S rRNA gene similarity of TCF032-E4 (GenBank/EMBL/DDBJ accession number KR706503) with its closely related species is shown in Fig. 1(a) . Among type strain sequences, the T (97.8%). The 16S rRNA gene sequence of TCF032-E4 is significantly different from that of other species of the genus Lactobacillus, with sequence identity below 95%. No amplicon was obtained with the recA multiplex-PCR method described by Torriani et al. (2001) , which indicates that the recA gene of TCF032-E4 is different from that of L. plantarum, L. paraplantarum and L. pentosus. Naser et al. (2007) showed that pheS and rpoA genes have high and reliable discriminatory power for species of the genus Lactobacillus. Among the 201 strains representing 98 species and 17 subspecies examined, pheS genes mostly have .10% interspecies divergence and ,3% intraspecies variation. The resolution of rpoA genes was relatively lower, normally with .5% interspecies and ,2% intraspecies variation (Naser et al., 2007) . The pheS and rpoA genes were amplified and sequenced for all four isolates using the method described by Naser et al. (2007) . In brief, primers pheS-21-F (59-CAYCCNGCHCGYG AYATGC-39)/pheS-22-R (59-CCWARVCCRAARGCAAARC C-39) and rpoA-21-F (59-ATGATYGARTTTGAAAAACC-39)/rpoA-23-R (59-ACHGTRTTRATDCCDGCRCG-39) were used in pheS and rpoA PCRs, respectively, with an annealing temperature of 46 8C. For both pheS (422 bp) and rpoA (736 bp) amplicons, the sequences of these four isolates were identical; the accession numbers for the pheS and rpoA sequences of TCF032-E4 are KR706504 and KR706505, respectively. Phylogenetic trees were reconstructed using pheS and rpoA sequences of closely related strains from GenBank as references by the neighbour-joining method (Fig. 1b, c Morphological, cultural and biochemical analyses were performed after growth of TCF032-E4 in MRS at 30 8C, unless otherwise stated. Gram-staining was performed using a commercial Gram-staining kit (Sigma). Production of D-and L-lactic acid was determined using an R-Biopharm enzymic kit. Cell morphology and motility were observed by phase-contrast microscopy (CX41, Olympus) using cells grown on MRS agar for 2 days. The catalase test was performed according to the method of Cappuccino & Sherman (2002) . Gas production was tested in anaerobic tubes using an electromanometer (DT-8890, CEM); around 0.6 ml gas was generated from 8 ml MRS broth culture. Growth at different pH (4.2, 4.0, 3.8, 3.6, 3.4, 3.2 or 3.0) and salt (commercial MRS with 2, 4, 6, 8, 10 or 14% additional NaCl) levels was measured using OD 595 after 3 days of incubation. TCF032-E4 grew poorly at lower pH, and growth was stopped at pH 3.4 and below. The growth of TCF032-E4 with 2% additional NaCl was close to that in commercial MRS. With increasing NaCl concentration growth decreased and was stopped at 8% and above. TCF032-E4 was able to grow at 10, 25 and 30 8C, but not at 32, 34 or 37 8C. In contrast, L. plantarum, L. pentosus, L. paraplantarum, L. fabifermentans, L. xiangfangensis and L. mudanjiangensis were able to grow at 37 8C. Enzyme activities (API 20E and 20NE kits) and cell wall composition were analysed by the China Center for Type Culture Collection (CCTCC) using methods described by Schleifer & Kandler (1972) and Staneck & Roberts (1974) . API 50 CH galleries (bioMérieux) were used for carbohydrate fermentation profiling, using L. plantarum subsp. plantarum ATCC 14917 T as the control. All four isolates TCF032-E4, TCF032-E3, TCF032-E4 and TCF032-E9 showed identical sugar fermentation profiles. They did not use sucrose, which can be fermented by all the type strains of L. plantarum subsp. plantarum, L. plantarum subsp. argentoratensis, L. pentosus, L. paraplantarum, L. fabifermentans, L. xiangfangensis and L. mudanjiangensis. The fermentation profiles for 15 selected carbohydrates (glucose, mannitol, sorbitol, arabinose, xylose, rhamnose, methylmannoside, methylglucoside, melibiose, trehalose, melezitose, raffinose, gluconate, glycerol and sucrose) of TCF032-E4 were further compared with those of 128 L. plantarum, 73 L. pentosus and 4 L. paraplantarum strains (including the corresponding type strains), which were mainly isolated from fermented vegetables. The sugar-free MRS medium contained 10 g peptone from casein, 10 g meat extract, 5 g yeast extract, 2 g dipotassium hydrogen phosphate, 5 g sodium acetate, 2 g di-ammonium hydrogenocitrate, 0.2 g magnesium sulfate heptahydrate and 1.08 g Tween 80 and was supplemented with 2 ml of bromocresol purple (1%, dissolved in ethanol) as pH indicator (quantities for 1 l). TCF032-E4 could ferment glucose, mannitol, melibiose, trehalose and (weakly) rhamnose. It could not use sucrose, sorbitol or gluconate, which are widely used by L. plantarum subsp. plantarum (88.7, 83.7 and 64.5% of 141 tested strains), L. pentosus (100, 56.0 and 73.3% of 75 tested strains) and L. paraplantarum (100, 71.4 and 85.7% of seven tested strains). The differential characteristics of strain TCF032-E4 in comparison to type strains of related species are summarized in Table 1 . Despite the variations among L. plantarum, L. pentosus and L. paraplantarum strains in sugar utilization, the difference between TCF032-E4 and these species is more pronounced.
The whole genome of TCF032-E4 was sequenced (Hiseq 2500, Illumina, with paired ends) by Majorbio (Shanghai, China) and assembled using Velvet 1.2.10 (Zerbino & Birney, 2008) . In total, 11 896 210 reads with a length of 101 nt were obtained. A draft genome sequence made of 57 contigs (.500 bp) was obtained, with a total size of 2.9 Mb (Mao et al., 2015 ; accession number LFEE00000000) and a mean DNA G+C content of 43.5 mol%. In total, 2797 coding sequences were identified by RAST (Overbeek et al., 2014) . Notably, the gdh and purK homologues could not be detected. The TCF032-E4 genome was compared with published, related genomes with Mauve 2.3.1 using default parameters (Darling et al., 2010) . A whole-genome-sequence-based phylogenetic tree (Fig. 2) was reconstructed using MEGA6 (Tamura et al., 2013) . Pairwise average nucleotide identity (ANI) was calculated for these genomes using a web-based tool (http://enve-omics.ce.gatech.edu/ani/; Table 2 ). According to Goris et al. (2007) , 95% ANI is the recommended cut-off value for species delineation, which corresponds to a 70% DNA-DNA hybridization value. Intraspecies ANI values among L. plantarum subsp. plantarum and L. fabifermentans genomes are higher than 99%. Within the L. pentosus species, KCA1 is more distant from the other two strains, with an ANI value of 92.6%; thus, KCA1 may represent a distinct species. ANI values between the two subspecies of L. plantarum are around 95-96%. The ANI values between different species in the L. plantarum group range from 79 to 87.2%. Within this L. plantarum group, TCF032-E4 shows the highest ANI value with L. plantarum ATCC14917 T (81.1%) and lowest ANI with L. fabifermentans T30PCM01 (79.0%). This result confirms that TCF032-E4 represents a distinct species.
Description of Lactobacillus herbarum sp. nov.
Lactobacillus herbarum (her.ba9rum. L. gen. pl. n. herbarum, of herbs).
Cells are non-motile, straight rod-shaped and usually occur singly, in pairs or sometimes in short chains. Colonies grown on MRS agar are creamy, round, smooth and dome shaped. Cells are Gram-stain positive, catalasenegative and facultatively anaerobic. The cell wall contains meso-diaminopimelic acid (as the diagnostic diamino acid), alanine, glutamic acid, galactose and an unidentified sugar. A small amount of gas is produced during growth. The ratio of D-to L-lactic acid isomers is 64 : 36. Growth occurs at (Zanoni et al., 1987; Bringel et al., 2005) ; 3, L. plantarum subsp. argentoratensis DKO 22 T (Bringel et al., 2005) ; 4, L. pentosus JCM1558 T (Zanoni et al., 1987) ; 5, L. paraplantarum DSM 10667 T 10 uC, 25 uC and 30 uC, but not at 32 uC or above. In MRS cells grow at between pH 3.6 and 6.2 and with a concentration of up to 6% NaCl. Reactions of arginine dihydrolase, lysine decarboxylase, ornithine decarboxylase, tryptophan deaminase, gelatinase, urease, H 2 S production and indole production are negative. Nitrate is not reduced. Acetoin is produced from sodium pyruvate. Acid is produced from ribose, galactose, D-glucose, D-fructose, D-mannose, mannitol, N-acetylglucosamine, amygdalin, arbutin, salicin, cellobiose, maltose, lactose, melibiose, trehalose and gentiobiose, but no acid is produced from glycerol, erythritol, D-arabinose, The type strain, isolated from a fermented radish, is TCF032-E4 T (5CCTCC AB2015090 T 5DSM 100358 T ; the 16S rRNA gene accession number is KR706503; the genome accession number is LFEE00000000). *, Draft genomes. Genome sequences of L. xiangfangensis and L. mudanjiangensis are not publicly available and thus not included. Sequences were aligned using Mauve 2.3.1. The tree was reconstructed using MEGA6. Lactobacillus herbarum sp. nov.
